Carbon-supported PtSn catalysts were prepared by impregnation using a commercial activated carbon after purification and oxidation (H2O2, 20 v/v%) treatments. The support surface chemistry of the carbon after purification and the oxidized carbon, and successive impregnation or coimpregnation procedures were the variables investigated. The catalysts obtained were characterized using the following techniques: TPD and TPR experiments, H2 chemisorption, XPS and XAFS, and activity assessment in the following reactions: cyclohexane dehydrogenation (reaction insensitive to structure), cyclopentane hydrogenolysis (reaction sensitive to structure) and carvone hydrogenation, which allows analysis of the selectivity of PtSn catalysts (carvone contains one C=O group and two C=C bonds for hydrogenation). The objective of the study is to find any relationships between the preparation procedure and the support properties, the characteristics of the resulting catalysts, and the catalytic behavior. The porosity of the carbon support together with the surface oxidation determines the accessibility of reactants to the active sites. Unusual selectivity to alcohols was found. Addition of tin caused blocking and dilution of the platinum clusters. The carbon support also affected the selectivity either because of its electronic properties or because of the particular metal structures developed.
Introduction
Supported bimetallic PtSn catalysts are widely used for reforming reactions in the petroleum industry and for selective hydrogenation reactions in fine chemistry 1) 3) . Platinum modification by tin has different effects depending on the support, mainly because tin can not only modify the surface acidity, but also affects the metallic structures created after reduction, which are also determined by the nature and the pre-treatment of the support. Other important variables are the Pt/Sn ratio and the preparation procedures. The most outstanding property related to the addition of tin to platinum is the important modification of the selectivity, which in naphtha reforming reactions results in a higher stability against deactivation by coke deposition 3) . Most investigations of PtSn catalysts have shown that the effects of tin on platinum are of both geometrical and electronic character, the former related with dilution (decrease of the cluster size) or blockage effects, and the latter involving the formation of PtSn alloys. In addition, the presence of ionic tin species is an important factor in the selectivity of reactions such as the hydrogenation of α,β-unsaturated aldehydes 4) . Many investigations have attempted to obtain PtSn supported catalysts with both high selectivity and high catalytic activity. The basis must be to find out how can tin modify the catalytic properties of platinum and the tin species responsible of such a modification. Therefore, thorough characterization of the catalytic system is necessary to find the relationships between the preparation variables (including type of support and Pt/Sn ratio), the geometrical and electronic effect of tin on platinum, and the catalytic behavior. Many researchers have based their studies on this idea 5) 14) , but, unfortunately, no definite conclusions have been reached.
Characterization of supported Pt and Sn is frequently carried out by XPS (X-ray photoelectron spectroscopy) 8 ),10),13) 16) , XRD (X-ray diffraction) 8) , and H2 or CO chemisorption measurements 10), 13) . Some studies also made use of techniques like Mösbauer spectroscopy 17) , 18) , TEM (transmission electron microscope) 8), 13) , FTIR (fourier transform infrared spectroscopy) 15) , TPR (temperature programmed reduction) 10 ), 19) , and XAFS (X-ray absorption fine structure) 11),16),20), 21) . XAFS is, nowadays, one of the most powerful methods for localorder characterization in highly dispersed metal catalysts 22) 25) . The catalytic activity measurements usually deal with real reforming reactions or with fine chemistry syntheses. These reactions may provide interesting tests to infer the presence of specific catalytic structures.
Fine chemistry reactions include the hydrogenation of α,β-unsaturated aldehydes or ketones, as reviewed by Ponec 4) . In this case, it is interesting to mention that the differences in the bonding of the C=C and C=O groups to the surface of the catalyst are the main factor determining the selectivity. The geometry and character of bonding of these two functionalities to the metal surfaces seem to be well established, but how many metal atoms combine to constitute an adsorption site is not known. In PtSn catalysts, Sn n+ is the effective promoter site for the hydrogenation of α,β-unsaturated aldehydes, whereas such promotion is not observed in the case of ketones 4) . Recently, Sn n+ was suggested to be the species responsible for the selective formation of alcohol in the hydrogenation of crotonaldehyde over PdSn supported on silica and alumina 26) . However, the selectivity effect of Sn in the hydrogenation of cinnamaldehyde over PdSn/SiO2 is suggested mainly to be due to strong suppression of the adsorption/hydrogenation of the C=C double bond, rather than enhancement of the hydrogenation of the carbonyl group 27) . The present paper reviews our recent results obtained in the investigation of PtSn catalysts supported on carbon 10),11), 19) . We would like to note that, in spite of the interesting properties of carbon as catalyst support 28) , 29) , research on PtSn catalysts supported on carbon materials is relatively scarce. Less than one tenth of papers deal with carbon-supported bimetallic catalysts, as most research uses Al2O3 and SiO2 as supports. Our study of carbon-supported PtSn catalysts is based on our experience with Pt/carbon catalysts 30) 35) , as well as PtSn supported on inorganic oxides 15) , 19 ),36) 38) . The catalysts were prepared using two activated carbons with different surface chemistry and two different sequences of impregnation: successive impregnation and coimpregnation. Several techniques were used to characterize the catalysts: TPD and TPR experiments, H2 chemisorption, XPS (X-ray photoelectron spectra) and XAFS. The catalytic activity and selectivity were tested in the following reactions: cyclohexane dehydrogenation (reaction insensitive to structure), cyclopentane hydrogenolysis (reaction sensitive to structure) and carvone hydrogenation. The hydrogenation of carvone (a terpenic monocyclic ketone) is useful to analyze the selectivity of PtSn catalysts as carvone contains three different functional groups to be hydrogenated: one C=O group and two C=C bonds (one endocyclic and one exocyclic).
The present investigation focused on the relationships between the preparation procedure and support properties, the characteristics of the resulting catalysts, and the catalytic behavior.
Experimental

1. Preparation of Catalysts
The supports were obtained from a peach pit-derived commercial activated carbon (GA-160 from Carbonac). The original carbon, crushed to 100-140 mesh, was purified by successive treatments with aqueous solutions (10 wt%) of HCl, HNO3 and HF, followed by heat treatment in H2 flow at 1123 K 10) . After these treatments, the inorganic impurities decreased from 2.9 to 0.16 wt%. All sulfur compounds (poisons of noble metals) were eliminated. Purified carbon, named C, was oxidized by treatment with H2O2 aqueous solution (20 v/v%) at room temperature for 48 h 10) . The H2O2-functionalized carbon was named C-HP.
Carbons C and C-HP had specific surface areas close to 900 m 2 /g and a similar porous texture 10) . The pH values of the aqueous suspensions of these supports were 10.5 and 6.5, respectively.
Two different impregnation sequences were used to prepare the PtSn/carbon samples: (a) coimpregnation (CI) with a HCl 0.4 M (1 M = 1 mol dm −3 ) aqueous solution of H2PtCl6 and SnCl2 and (b) two-step or successive impregnation (SI): first the carbon was impregnated with a HCl 0.4 M aqueous solution of SnCl2, followed by drying at 393 K, and then impregnated with an aqueous solution of H2PtCl6. Pt/carbon and Sn/carbon samples were also prepared by impregnation. Impregnations, using 30 ml of solution per gram of carbon, were carried out by stirring the support with the solution at 298 K for 6 h. After filtration, the solid was dried at 393 K for 24 h. Concentrations of the impregnating solutions were appropriate to obtain about 1 wt% Pt, and a molar ratio Pt/Sn close to 1 (about 0.4 wt% Sn).
The catalysts were named PtSn/support (X), with support C or C-HP; and X=CI or SI, to identify the samples prepared by coimpregnation or successive impregnation, respectively. The platinum and tin loading, and the PtSn molar ratio of the different catalysts are shown in Table 1 .
TPD and TPR Experiments
Temperature-programmed experiments (TPD and TPR) were carried out using a differential flow reactor coupled to a mass spectrometer. Approximately 200 mg of sample was heated at 50 K min −1 from room temperature up to about 1223 K under a gas flow (60 ml min −1 ) of He for TPD experiments and H2 (5 v/v%) _ He for TPR measurements.
3. XPS Analysis
XPS were obtained with a Fisons ESCALAB MkII 200R spectrometer, using a MgKα (1253.6 eV) source operated at 12 kV and 10 mA and a spherical electron analyser. The pressure of the analysis chamber was lower than 1.3 × 10 −7 Pa. Peak areas were estimated from the integral after subtraction of the S-shaped background and Lorentzian _ Gaussian fitting of the experimental peaks. Binding energies were referred to the C 1s peak at 284.9 eV. XPS measurements were carried out on both dried samples and samples previously treated in-situ with H2 at 623 K for 4 h.
4. H2 Chemisorption
H2 chemisorption measurements were carried out at 298 K in a volumetric equipment. Previously, the catalysts were reduced with H2 (60 ml min −1 ) at 623 K for 4 h and then outgassed (P = 0.013 Pa) at 623 K for 1 h.
5. XAFS Measurements
The X-ray absorption experiments were performed at the BL-7C station of the Photon Factory in the National Laboratory for High Energy Physics (KEK-PF) in Tsukuba, Japan. A Si (111) double crystal was used to monochromatize the X-ray beam from the 2.5 GeV electron storage ring. The Pt LIII-edge absorption spectra were recorded in the transmission mode at room temperature, in a range of photon energy from 11,300 to 12,700 eV. Wafers for XAFS experiments were prepared by pressing a homogeneous mixture of the catalyst and polyethylene.
Measurements were carried out on dried and reduced samples (obtained by treatment in H2 flow, 60 ml min −1 , at 623 K for 4 h). After the reduction treatment, samples were transferred, without exposure to air, to a glove box where the polyethylene wafers were prepared and vacuum-packed under an inert atmosphere. Pt foil, PtO2 and H2PtCl6 were also analyzed as reference spectra.
Data analysis used Fourier transformation of the k 3 -weighted EXAFS oscillations (range of 3-12 Å −1 (1 Å = 10 −10 m)). The physical basis, data processing and numerous applications of XAFS spectroscopy have been reported elsewhere 22) 25) .
6. Catalytic Activity Determination
Prior to any catalytic test, the catalysts were reduced in-situ with H2 at 623 K for 4 h. The reactions were performed according to the conditions indicated below. 2. 6. 1. Cyclohexane Dehydrogenation and Cyclopentane Hydrogenolysis Catalytic tests were performed at atmospheric pressure in a differential flow reactor using molar ratios of H2/C6H12 = 29 and H2/C5H10 = 25, and molar flow of 0.056 mol h −1 C6H12 and 0.064 mol h −1 C5H10, for cyclohexane dehydrogenation and cyclopentane hydrogenolysis, respectively. For the first reaction, the activation energy was obtained by measuring the catalytic activity at 543, 558 and 573 K. The second reaction was carried out at 673 K.
In both cases, the mass of catalyst used was appropriate to obtain a hydrocarbon conversion lower than 7%. The progress of the reaction was followed by gas chromatography. Reaction products were benzene for cyclohexane dehydrogenation and pentane for cyclopentane hydrogenolysis.
6. Carvone Hydrogenation
This reaction was carried out at 313 K and atmospheric pressure in a discontinuous volumetric reaction equipment with a stirring rate of 360 rpm. The experiments used 0.09 g of carvone dissolved in 30 ml of toluene and 0.40 g of catalyst. Liquid samples were intermittently withdrawn from the reactor and analyzed by gas chromatography, using a capillary column Supelcowax 10 M.
Results and Discussion
1. Chemistry of Impregnation of Carbon with
Aqueous Solutions of Platinum and Tin Precursors Impregnation of carbon materials with aqueous solution of H2PtCl6 takes place through a redox process between the platinum compound and the carbon surface 10),12),14),30),33),39) 42) . As a consequence, after impregnation, the supported platinum has an oxidation state lower than Pt(IV). According to the mechanism proposed by van 39) : C=C structures in the carbon basal planes and oxygen-containing functional groups on the basal plane edges. Although identification of the exact structure of the complexes was not possible, ionic Pt II formed during impregnation is probably bound at the basal plane edges 39) . According to that model, most platinum should be present as reduced Pt(II). However, Pt(IV) species were found 39) , indicating reoxidation during the sample preparation, although continuous presence cannot be excluded 39) . Interestingly, evidence has also been found for the presence of zero valent platinum in dried monometallic 30),40), 42) and PtSn bimetallic catalysts 12) . In the case of preparation of carbon supported PtSn catalysts by co-impregnation with a HCl solution of H2PtCl6 and SnCl2 10) , the following redox reactions should also be considered 36) : 2− complex. Also, the presence of Cl − ions may have some effect in the interaction of the platinum species with the carbon surface. In fact, addition of hydrochloric acid or potassium chloride to the H2PtCl6 solution decreased the adsorption strength of the platinum species on the carbon surface 39) . A possible explanation is that the chloride-containing Pt complexes are more stable 43) and so interaction of the [PtCl4] 2− ions with the S support sites might be hindered.
Another aspect to be considered is the charge of the carbon surface respective to that of the species in the solution used for impregnation 28) . The analysis requires comparison of the pH of the support aqueous suspension (pHSUSP) and the pH of the impregnating solution (pHSOL). In general terms, if pHSOL < pHSUSP, the surface is positively charged and adsorption of anions is favored. This is the case for the catalysts of this study. Because the solutions used for impregnation are quite acidic, with pH < 2, the surface charges of both supports were probably not greatly different.
2. TPD and TPR Experiments
The evolution of CO and CO2 during TPD experiments on carbons C and C-HP was (in µmol of gas (STP) per gram of sample) for carbon C 259 µmolCO/g and 91 µmolCO2/g, and for carbon C-HP 663 µmolCO/g and 133 µmolCO2/g. These results indicate that oxidation with H2O2 mainly increases the amount of surface oxygen complexes that decompose as CO. Figure 1 shows the TPR profiles of carbons C and C-HP. Units of the y-axis (in all TPR figures) are molar fraction divided by the mass of sample used in the experiment. H2 consumption, mainly between 773 and 1173 K, has been attributed to the interaction of H2 with the reactive surface sites created by decomposition of functional groups (particularly those that evolve as CO) 31 ), 44) , probably because it occurs at higher temperature. Thus, hydrogen consumption is higher for more oxidized supports. As previously reported 31) , 44) , the interaction of H2 with the carbon surface modifies the evolution profiles of CO and CO2 compared with the TPD experiment. The most outstanding observation was that the decomposition of groups that evolve as CO is noticeably shifted to lower temperatures. Figure 2 shows the TPR profile of Pt/C-HP, in which three H2 consumption zones can be clearly observed. This profile is qualitatively similar to that obtained for Pt/C. Hydrogen consumed in the lowtemperature region (maximum at 538-543 K) is associated with the reduction of the deposited metal complex. The maximum of the H2 consumption, at about 620 K, coincides with both the maximum of the low-temperature CO2 desorption and with a well-defined CO desorption peak. It seems that hydrogen, probably dissociated by metallic Pt, is consumed by interaction with the reactive surface sites created by decomposition of some surface groups at this relatively low temperature. The sharp CO desorption at about 620 K was not observed in the TPR of the supports (Fig. 1) , but was found in the TPD profiles obtained for dried Pt/C and . This suggests that CO evolution at low temperature comes from the decomposition of surface oxygen groups created during the impregnation step and may be related to the redox process between the metal precursor and the carbon surface described above.
Figures 3 and 4 show the TPR profile obtained for
Sn/C-HP and the analogous experiment carried out with bulk SnCl2, respectively. The reduction of SnCl2 occurs in two steps, revealed by hydrogen consumption at 923 K and 1073 K, accompanied by HCl desorption (Fig. 4) . The H2 consumption in the TPR of Sn/C-HP ( Fig. 3 ) takes place in a broad zone, between 773 and 1123 K. A small and narrow HCl desorption peak was found between 773 and 873 K (not observed in the figure), indicating decomposition, and probable reduction, of the Sn chlorinated precursor at this temperature. The total amount of hydrogen consumed was about 28 mol H2/mol Sn (the TPR profiles and the amount of H2 consumed were similar for the Sn/C sample). This is much higher than the H2 amount required for total reduction from Sn 4+ (maximum oxidation state of Sn) to Sn 0 (2 mol H2/mol Sn), indicating that hydrogen is retained on the carbon surface, probably related to the oxygen functionalities. To clarify this point, a TPR experiment was carried out with Sn/C-HP previously treated in He at 1173 K (conditions at which most of the surface oxygen groups are decomposed). In this case, the amount of H2 consumed was much lower (about 3 mol H2/mol Sn) and at 823-873 K. These results indicate that the presence of both metallic tin and surface functional groups determine the large retention of H2 in Sn/C and Sn/C-HP.
Figures 5(a) and 5(b) show the TPR profiles of PtSn/C-HP(SI) and PtSn/C-HP(CI), respectively. The TPR profiles of the catalysts prepared with the non-oxidized support are very similar to those presented in Fig. 5 . The main characteristic of these profiles is the well-defined hydrogen consumption between 473 and 773 K (divided into two peaks in the case of PtSn/C-HP(CI) (Fig. 5(b) ). The amount of hydrogen consumed in this region is about 7 mol H2/mol (Pt + Sn). However, since the maximum amount of hydrogen necessary for the total reduction of both metals (considering the presence of Pt(IV) and Sn(IV)) is 4 mol H2/mol (Pt + Sn), some H2 must have been retained on the carbon surface. Thus, tin is apparently reduced at lower temperature due to the presence of platinum in these catalysts, and some hydrogen is retained on the carbon surface below 673 K. Also, some H2 consumption occurred between 773 and 1223 K (Figs. 5(a) and 5(b)), which is quantitatively close to that observed in the same region of the TPR profiles of the supports and monometallic platinum. However, this is much lower than the H2 consumption observed for Sn/C and Sn/C-HP. The TPR profiles presented in Fig. 5 also show a CO desorption peak at low temperature (523-673 K). As discussed above, this effect may be related to the presence of some surface groups formed during the impregnation. The area of this peak is lower in the catalysts prepared by coimpregnation (it is also observed in PtSn/C(CI)), which confirms that the interaction of the platinum species with the carbon surface is different depending on the impregnation procedure.
Formation of methane was also observed during the TPR experiments, and the obtained profiles are compared in Fig. 6 . A small amount of methane was formed at 1073 K from C-HP and Sn/C-HP (8 and 11 µmol/g, respectively). Methane evolution reached a maximum at 923 K and was quantitatively much higher for Pt/C-HP (41 µmol/g). Methane formation was significant for the bimetallic samples (23 and 18 µmol/g for the (SI) and (CI) catalysts, respectively) at a slightly higher temperature (973 K). These results clearly indicate the catalytic effect of Pt on methane formation by support gasification. Addition of tin modified platinum to reduce its catalytic activity for methane formation. This modification was slightly greater for CI catalysts.
In summary, the TPR experiments revealed a close proximity between Pt and Sn in the bimetallic catalysts based on the easier reducibility of tin in PtSn samples, compared to Sn/carbon, and the lower methane formation with the PtSn catalysts compared to the monometallic Pt catalysts. The SI and CI methods affected the creation or modification of oxygen groups on the carbon surface in a different way. The profiles of CO and CO2 evolution were quite similar for the two catalysts prepared by the same method, and different for catalysts prepared by a different impregnation procedure (for the catalysts prepared by SI, the evolution of CO and CO2 was larger). Therefore, the impregnation solution produces a higher oxidation of the carbon surface and/or the metallic phase created after reduction favors the desorption of surface groups. The former proposal is in agreement with the model and conditions suggested by van Dam and van Bekkum 39) for the reduction of the platinum precursor by the support. In the CI procedure, reduction takes place by reaction of [PtCl6] 2− with the tin precursor in solution, and the interaction of [PtCl4] 2− with carbon is partially hindered because of the hydrochloric acid. Finally, the profiles of CH4 evolution indicate that the modification of the catalytic properties of Pt by Sn is slightly greater for the CI samples. The TPR spectra did not show important differences between the catalysts related to the surface chemistry of the support. Table 2 shows the binding energies for Pt 4f7/2 and Sn 3d5/2 in PtSn/C(CI), PtSn/C(SI), PtSn/C-HP(CI), and PtSn/C-HP(SI), after drying and after the reduction treatment at 623 K. The Pt 4f7/2 binding energies of monometallic Pt/C and Pt/C-HP are also included. The deconvolution of the Pt 4f7/2 XPS spectra of dried samples reveals two peaks at 72.0-72.3 eV, and 73.5-73.9 eV; the relative amount of Pt in each of these two states is shown in Table 2 as a percentage. The binding energy of Pt 4f7/2 in the reduced catalysts ranged from 71.7 to 71.9 eV.
XPS Analysis
By comparing with the binding energy values 45) for Pt 4f7/2: Pt 0 71.0-71.3 eV, K2Pt II Cl4 72.8-73.4 eV and K2Pt IV Cl6 74.1-74.3 eV; we observe that the reduced samples contain metallic Pt but with a binding energy slightly higher than that for Pt 0 . This could be related to the interaction of Pt with a more electronegative atom or, in the case of bimetallic samples, to a modification of the electronic structure of platinum because a PtSn alloy is formed. A binding energy of 71.9 eV for the reduced monometallic Pt/C and Pt/C-HP reveals that the effect of the support is probably more important than the potential presence of a PtSn alloy.
Binding energies close to 72.0 eV were also found for reduced PtSn catalysts supported on carbon black 12) and carbon cloth 14) , prepared in the same conditions. The binding energy for monometallic Pt/carbon catalyst was 71.5 eV 12) , indicating that in this case the effect of the support was lower.
In the case of the dried catalysts, the assignment is more complicated because the observed binding ener- gies did not agree with the published values 45) . In any case, it seems that there were two different species: one with oxidation state close to zero and the other one close to (II). The existence of these two states, in similar proportions, is observed in both monometallic and bimetallic catalysts. For the carbon cloth supported PtSn system 14) , platinum in the dried samples shows only one oxidation state with binding energy of 72.8 eV assigned to Pt(II), whereas on the carbon black 12) two oxidation states with binding energy of 72.1 eV and 74.3 eV are observed. Our and previous results confirm that the reduction of platinum takes place during impregnation of the carbon supports.
The Sn 3d5/2 XPS spectra of the dried samples show a peak at 487.7-487.8 eV corresponding to Sn(II) and/or Sn(IV) species (not distinguishable 46) ), probably forming chlorinated compounds ( Table 2 ). In the case of catalysts submitted to the reduction treatment, the Sn 3d5/2 spectrum shows two peaks: a main one at 487.7 eV corresponding to Sn(II) and/or Sn(IV) species, and a weaker one at 486.3-486.5 eV, characteristic of metallic tin 45) . According to the relative intensities of these two peaks, the percentage of zero valent tin ranges between 12 and 17% of the total tin species. In carbon black supported PtSn 12) , the amount of reduced tin was about 30%, while when a carbon cloth is used as support, reduction of tin is about 70% 14) . The atomic surface Sn/Pt ratios ( Table 2 ) range between 16 and 27, revealing very important surface enrichment by tin. Such enrichment, although not so great, has also been found in other similar systems. For example, a Sn/Pt atomic surface ratio of 13 has been found for PtSn supported on a carbon cloth 14) , a ratio of 2.5 has been observed in PtSn supported on carbon black 12) and also a low ratio, close to 3, was observed in PtSn catalysts supported on Al2O3 15) . The XPS results can be summarized as follows: (1) The platinum precursor H2PtCl6 becomes reduced after the impregnation and drying steps, and platinum is present in two different oxidation states. Reduction of the tin precursor seems not to take place. The four bimetallic dried catalysts give similar results, although the amount of platinum in the most reduced state (close to zero) is slightly higher in the SI samples. (2) After the reduction treatment, platinum is in the zero valent state but slightly electron deficient and tin is only partially reduced. High surface enrichment by tin is observed. The four bimetallic reduced catalysts show similar results but the amount of Sn 0 is slightly higher and tin enrichment slightly lower for the SI samples. The surface of the bimetallic catalysts consists of metallic platinum (interacting with other elements), a major fraction of tin as Sn(II) and/or Sn(IV) species, and a relatively small amount of Sn 0 , which could be alloyed with Pt. (3) XPS of the four bimetallic catalysts, either dried or reduced, revealed a greater similarity between the samples prepared with the oxidized support, C-HP, than between those prepared with the original carbon support, C.
4. H2 Chemisorption Measurements
The molar H/Pt ratio obtained for the mono-and bimetallic catalysts is shown in Table 1 . The chemisorption capacity indicated the following trend:
Pt/C-HP > Pt/C > PtSn/C(SI) > PtSn/C-HP(SI) > PtSn/C(CI) ≈ PtSn/C-HP(CI)
As expected, the addition of tin to platinum decreased the chemisorption capacity, probably due to both electronic and geometric effects. This decrease was less pronounced than in other reported systems. For example, the H/Pt ratio was 0.15 for a PtSn catalyst (Pt/Sn = 1.22) prepared by successive impregnation of a pregraphitized carbon black, in contrast to 0.92 for the monometallic Pt catalyst 12) . However, 30% of tin was reduced after treatment with H2 at 623 K. The chemisorptive capacity of PtSn/Al2O3 catalysts decreased from H/Pt = 1 in the monometallic catalyst to about 0.15 in the bimetallic catalyst 33) . More recently, with PdSn/SiO2 prepared by the "solvated metal atom dispersed" method, a strong decrease in the H/Pd ratio was found (10 times lower than for Pd/SiO2), but, surprisingly, no loss in H2 chemisorption capacity for PdSn/Al2O3 26) was observed. In the catalysts subject of the present work, the decrease in the chemisorption capacity appeared to be higher in catalysts prepared by coimpregnation. In this case, there is probably more intimate contact between the metals that could lead to an easier formation of alloy during thermal treatments. This is in agreement with the higher modification of Pt by Sn in the PtSn/C-HP(CI), compared to the analogous PtSn/C-HP(SI), as observed by the TPR-methane evolution 3. 5. XAFS Analysis 3.
1. Reference Compounds
The FT-EXAFS and XANES (X-ray absorption near edge structure) profiles of the reference compounds H2PtCl6, PtO2, and Pt foil are presented in Figs. 7 and 8, respectively. Results corresponding to a reduced Pt/carbon catalyst with a low platinum dispersion (about 20%, corresponding to a particle size close to 5 nm) 30) labeled as a/A2 have been also included. Platinum particles of about 5 nm exhibit a structure similar to that of bulk metal but without the problems related to thickness 47) , 48) , and so they are more useful for XAFS studies. As observed in Figs. 7 and 8 , the XAFS signals of the platinum foil and the a/A2 catalyst contain the same general features. The distances used in the following discussion are those directly observed in the FT-EXAFS data; that is, without phase-shift correction.
5. 2. Dried Samples
The FT-EXAFS profiles of the dried samples PtSn/ C(CI), PtSn/C(SI), PtSn/C-HP(CI) and PtSn/C-HP(SI), shown in Fig. 9 , are characterized by a main peak located at about 2 Å. The differences between the four spectra are mainly related to the intensity of this peak. Comparing these spectra with the FT-EXAFS profile of the reference compound H2PtCl6 (Fig. 7) indicates that the peak located at about 2 Å is likely due to Pt _ Cl bonds. A decrease in the intensity of that peak should be related to a reduction in the coordination of platinum by Cl or to the substitution of this ligand by lighter scatterers 11),22) 25), 30) . In fact, taking into account the chemistry of the impregnation of carbon with H2PtCl6 aqueous solutions, the chloride coordination of platinum decreases due to the interaction of platinum with oxygen or carbon atoms on the support.
The FT-EXAFS profiles shown in Fig. 9 do not reveal the presence of Pt _ Sn and Pt _ Pt interactions. The Pt _ Sn distance in an alloy is about 2.7 Å 21),49) and about 2.5 Å in the [Pt(SnCl3)5] 3− complex 50) . The absence of a Pt _ Sn interaction can also be deduced because of the great similarity with the FT-EXAFS profiles obtained for the monometallic Pt/C and Pt/C-HP catalysts 11) . On the other hand, comparing the results obtained with catalysts prepared on carbons C and C-HP, the effect of the support surface chemistry on the state of platinum can be deduced. In catalysts prepared with the oxidized support (C-HP), the intensity of the main peak is lower than in catalysts prepared with carbon C. This effect was also observed with the monometallic Pt/carbon samples 11) . These results can be explained by a higher coordination of Pt with O and/or C atoms in the oxidized support. Therefore, the interaction of the platinum species with the support is more extensive with the oxidized surface, independent of both the presence of tin and the impregnation procedure.
Comparison of the FT-EXAFS profiles of PtSn/ C(CI) and PtSn/C(SI), and PtSn/C-HP(CI) and PtSn/ C-HP(SI) (Fig. 9) shows that the intensity of the main peak (close to 2 Å) is lower for the catalysts prepared by successive impregnation. In this case, the platinum species interact more effectively with the surface of the support. The effect of the preparation method can be explained by considering that during co-impregnation (in a HCl 0.4 M solution), the presence of Cl − ions increases the stability of the chloride-containing Pt complexes 43) . Therefore, the adsorption of the platinum species on the carbon surface is lower and the loss of chloride ligands is hindered.
The absorption edges corresponding to the four bimetallic dried catalysts and the platinum foil are plotted in Fig. 10 . Taking the data for Pt foil as a reference, these results indicate that a noticeable concentration of vacant d-electron states in the dried samples. The intensity of the white line decreased in the following order:
PtSn/C(CI) > PtSn/C-HP(CI) > PtSn/C(SI) > PtSn/C-HP(SI) These results also reveal the effect of the surface oxidation of the support. For a given preparation method, platinum atoms in catalysts prepared with nonoxidized support are more electron deficient (i.e., the intensity of the white line is higher). Comparing samples prepared with the same support, platinum is more electron deficient in catalysts prepared by co-impregnation. The higher electron deficiency may be related to a weaker interaction of Pt species with the support that results in less reduction of platinum by contact with carbon. This interpretation agrees with the EXAFS data discussed above. No significant differences were observed in the energy of the peak top of the white line (appearing at about 11,560 eV).
Comparison of the absorption edge between bimetallic and monometallic catalysts indicates that the electronic state of platinum in the dried samples is not highly modified by tin addition. As previously reported 30) , the intensity of the white line for the monometallic catalysts is intermediate between those corresponding to the bimetallic catalysts; both for catalysts prepared with the original carbon or with the oxidized carbon.
In summary, the FT-EXAFS profiles (Fig. 9 ) and the intensity of the white line (Fig. 10) of the analyzed catalysts show that oxidation of the support surface favors the removal of Cl from the coordination sphere of platinum. Also, the conditions used in the coimpregnation method hinder the interaction of the platinum species with the carbon surface. The XAFS results obtained for dried bimetallic catalysts did not reveal any chemical interaction between Pt and Sn. However, the results of the TPR experiments suggest that both metals are in relatively close proximity.
5. Reduced Samples
XPS showed that platinum was fully reduced (but with some electron deficiency) after the reducing treatment (H2, 623 K, 4 h) in the four bimetallic catalysts supported on carbon. However, the FT-EXAFS profiles (Fig. 11) showed significant differences in the coordination of platinum in these four catalysts. The data obtained for the PtSn/Al2O3(CI) catalyst are also According to several authors 49) 52) , the Pt _ Pt bond contributes to the larger distance range of the FT-EXAFS profile (at about 2.77 Å) whereas the contribution of the Pt _ Sn bond appears at slightly lower distances (depending on the formed PtSn species). Ramallo et al. 16) also report that the Pt _ Sn distance is slightly lower than the Pt _ Pt distance (2.68 versus 2.71 Å). However, in the work of Caballero et al. 20) a peak at 2.68 Å was assigned to the Pt _ Pt bond and a peak at 2.93 Å to the Pt _ Sn bond. There is also disagreement about the assignation of the peak at lower distances (< 2.10 Å). This peak has been assigned to the interaction of platinum clusters with the support via Pt _ O _ Sn 2+ species 20) , not clearly defined 49) , explained as an interference phenomenon between the Pt _ Pt and Pt _ Sn bonds 21) , 52) , and as a Pt _ O interaction at 1.99 Å related to interaction with the SiO2 support 16) . These discrepancies reveal the difficulty in accurate quantification of the EXAFS oscillations and show that the use of appropriate references and complementary techniques is necessary for the correct assessment of bond distances and co-ordination numbers.
To justify the interaction of tin and platinum found in TPR experiments, we suggest that the FT-EXAFS signals observed below 2.10 Å originate from Pt _ O _ Sn 2+ species. The FT-EXAFS profiles obtained for catalysts prepared with the oxidized support (i.e., PtSn/C-HP(CI) and PtSn/C-HP(SI)) (Fig. 11) are very similar, with the three above-mentioned maxima and the same relative intensity. This suggests that the preparation method does not cause significant differences in the state of the reduced platinum. It is interesting to emphasize that the three peaks found in the FT-EXAFS spectrum of the PtSn/Al2O3(CI) catalyst also had similar relative intensity.
On the other hand, for catalysts prepared with support C, the peak at lower distances (from 1.85 to 2.10 Å in Fig. 11 ) was more intense, and better defined and resolved for PtSn/C(CI) than for PtSn/C(SI). According to the criteria explained above, this means that the interaction of metallic platinum with the support (as Pt _ C or Pt _ O) or with tin through the Pt _ O _ Sn 2+ species is higher in the catalyst PtSn/C(CI).
Considering that the interaction of platinum species with the support is less extensive for the dried PtSn/C(CI) sample than for the analogous SI sample, an important effect of the reduction treatment is inferred.
The analysis of the Pt LIII absorption edge can give us some additional information about the electronic state of platinum. Figure 12 shows this part of the XAFS spectrum for the four PtSn catalysts supported on carbon, the PtSn/Al2O3(CI) catalyst, platinum foil and sample a/A2. The intensity of the white line for the different samples increased in the following order:
PtSn/C(SI) < PtSn/Al2O3(CI) ≈ PtSn/C-HP(CI) ≈ PtSn/C-HP(SI) < Pt foil < a/A2 < PtSn/C(CI) Platinum had the most electron deficient state in PtSn/C(CI). This result agrees with the largest interaction of Pt with electronegative atoms like O (for example through Pt _ O _ Sn 2+ species or with the support) in this catalyst. The electronic state of platinum is similar in PtSn/C-HP(CI), PtSn/C-HP(SI), and PtSn/Al2O3(CI). This observation could be related to the similar intensities of the main peaks of the FT-EXAFS profiles for these three catalysts (Fig. 11) . The intensity of the white line in these catalysts and in PtSn/C(SI) is lower than that in platinum foil and in the reference sample a/A2. A similar result was previously observed in a PtSn/Al2O3 catalyst 20) . This effect is explained by the formation of a Pt _ Sn alloy resulting in increased d-electron density of platinum atoms. Thus, the results shown in Fig. 12 suggest that the PtSn/C(SI) catalyst contains the largest amount of PtSn alloy. Additionally, a PtSn bimetallic phase was likely to be formed to a similar extent in PtSn/C-HP(CI), PtSn/C-HP(SI), and PtSn/Al2O3(CI). The oxygen groups on the surface of Al2O3 apparently have an effect similar to that of surface oxygen functionalities on the carbon support.
In summary, the surface chemistry of the carbon sup- port and the preparation method of the catalysts influence the structure of the metallic particles in the reduced catalysts. With an oxidized support, both preparation methods (CI and SI) will produce a similar structure, close to the structure of PtSn catalysts supported on Al2O3. On the other hand, the non-oxidized support will produce a different structure of the metallic phase depending on the impregnation procedure.
6. Catalytic Activity in the Test Reactions
The initial catalytic activities (expressed as reaction rate in mol/h g Pt) for cyclohexane dehydrogenation (CHD) and cyclopentane hydrogenolysis (CPH) with the monometallic and bimetallic carbon-supported catalysts are presented in Table 3 . In the case of CHD, activation energy (Ea) and turnover frequency (TOF) of the monometallic catalysts have been also included.
Addition of tin results in an important decrease of the rate of both reactions, being the activity for CPH suppressed. The activation energies in CHD for the bimetallic catalysts are noticeably higher than those for the monometallic samples. This effect can be attributed to the electronic modification of platinum by tin in the reduced bimetallic catalysts. Table 3 also reveals the clear effect of the support surface chemistry for both monometallic and bimetallic catalysts, with greater activity in the catalysts prepared with oxidized carbon. The different impregnation procedure (in the case of bimetallic catalysts) does not produce noticeable differences in the catalytic activity.
The lack of activity of the bimetallic catalysts for CPH indicates that the cluster structures of Pt atoms required for this reaction are not formed or are not accessible to the reactants. That is, tin must have produced dilution and/or blockage of the Pt particles. The large tin surface enrichment determined by XPS ( Table 2 ) may be considered as evidence of the blocking effect.
Cyclohexane dehydrogenation is a structure-insensitive reaction, so similar TOF values should have been obtained for both monometallic catalysts. However, Pt/C and Pt/C-HP catalysts show different TOF. This effect has been previously observed in a series of catalysts prepared with carbon supports of different surface chemistry 32) , and is related to the location and accessibility of platinum particles. In the case of Pt/C and Pt/C-HP, due to the interaction with the surface oxygen groups of the support, platinum is considered to be more externally located on the oxidized support and thus is more accessible to reactants. With the non-oxidized support, a fraction of the platinum can be anchored in a region accessible to hydrogen but not to the more voluminous cyclohexane molecule. Therefore, not all active sites determined by hydrogen chemisorption are actually active for cyclohexane dehydrogenation.
The differences between the catalytic activity of bimetallic catalysts prepared with oxidized and nonoxidized supports can also be explained by these arguments. Catalysts prepared with the oxidized support and with alumina had relatively close catalytic activity, in agreement with the similar structure and electronic state of platinum deduced from the XAFS data. On the other hand, PtSn/C(CI) and PtSn/C(SI), both with low and similar catalytic activity, have different metallic structure and electronic state of platinum, according to the XAFS analysis. In this case, the above-suggested accessibility of the reactants to the active metallic species may be the major factor responsible for the low catalytic activity.
7. Hydrogenation of Carvone
Hydrogenation of carvone can be described by the reaction scheme shown in Scheme 1. The selective hydrogenation of one or both of the double bonds C=C produces unsaturated or saturated ketones, respectively. The selective hydrogenation of the C=O group produces unsaturated alcohols, which are more valuable products. The hydrogenation could continue to the saturated alcohol.
Considering the thermodynamics of the hydrogenation of the two functionalities and the specific adsorption sites for each 4) , the analysis of the catalytic properties could be helpful to infer the presence of particular catalytic structures in PtSn catalysts. duces a noticeable decrease in the catalytic activity. The bimetallic PtSn catalyst prepared by co-impregnation is more active. The products detected were only unsaturated ketones (mainly carvotanacetone) and unsaturated alcohols (mainly carveol, the doubly unsaturated alcohol), see Scheme 1. Figure 14 shows the selectivity to unsaturated alcohols as a function of the reaction time. Pt/C-HP is very selective for unsaturated ketones over the whole range of the reaction time (96% unsaturated ketones for the total conversion of carvone), and as a consequence the selectivity for unsaturated alcohols is very low (about 3-4%). As shown in Fig. 14 , the selectivity of the carbon-supported Pt catalyst for unsaturated alcohols (mainly carveol) is substantially enhanced by tin addition and is slightly higher for the catalyst prepared by successive impregnation (less active catalyst).
The selectivity of PtSn catalysts for unsaturated alcohols is very high at low reaction times, reaching values close to 100 at the beginning of the reaction, but decreases with time because the production of carvotanacetone increases. Both carveol (the doubly unsaturated alcohol) and carvotanacetone are produced from direct hydrogenation of carvone, not as a product of a consecutive reaction (Scheme 1).
The noticeable selectivity for the unsaturated alcohols shown by the catalysts in this study has not been observed in previous research dealing with carvone hydrogenation 19 ),37),53) 55) . As an example, Table 4 shows the product distribution, at a total conversion of carvone, obtained with different monometallic and bimetallic catalysts. Comparison of the results obtained with monometallic Pt on different supports reveals a very important effect of the support on the selectivity of the catalysts. If carbon is used as support, further hydrogenation of the unsaturated ketones (mainly carvotanacetone) is strongly decreased. In the case of Pt and Pd supported on inorganic oxides, the selectivity for saturated ketones has been interpreted according to the size and crystalline structure of the metal particles. In general, the adsorption of carvotanacetone is stronger on small particles, leading to the reduction of the exocyclic double bond prior to desorption 54),55) . Considering the H2 chemisorption capacity as an approximation to the particle size, (H/M ratio in Table 4 ), the above discussion can explain the differences in the selectivity of Pt/Al2O3 and Pt/SiO2 shown in Table 4 . In the case of the carbon-supported catalyst, an additional effect related to the support should be considered. That is, the carbon support may increase the electronic density of the adsorption sites, leading to weaker adsorption of carvotanacetone.
The addition of tin to noble metal, in comparison to other metals like Cu 54) or Au 55) , favors the production of alcohols (see Table 4 ). This effect is more pro- (Fig.  14) . Taking into account the H2-chemisorption capacity of carbon-supported PtSn catalysts ( Table 1) , we can suggest an important effect of the carbon support. However, the differences in the state of tin between carbon and alumina supported PtSn catalysts must also be considered. As revealed by XPS analysis: (i) the amount of Sn (II, IV) is about 86% and 66% for PtSn/carbon ( Table 2 ) and PtSn/Al2O3 37) , respectively, and (ii) the Sn/Pt surface atomic ration is about 8 times higher for the carbon-supported samples 19) . Therefore, the amount of ionic tin is larger, and Pt particles are more blocked in the carbon-supported catalysts. These observations indicate higher alcohol selectivity, considering that ionic tin can activate the C=O bond, and blockage of the platinum particles reduces the rate of hydrogenation of the C=C bond.
According to the XAFS analysis, the bulk structure of platinum is similar in PtSn/C-HP(CI), PtSn/C-HP(SI), and PtSn/Al2O3(CI), meaning that the effect of tin on Pt in these catalysts is similar. Considering that promotion by ionic tin does not occur in the hydrogenation of ketones 4) , the effect of the platinum blockage is apparently the most important to modify the selectivity to alcohols. This could also be related to the slightly lower carvone conversion and slightly higher selectivity found for PtSn/C-HP(SI), in which the Sn/Pt surface ratio is a little higher.
In general terms, the preparation method, (SI) or (CI), has little effect on the structure and the catalytic activity of PtSn catalyst prepared with the oxidized carbon support C-HP. The PtSn/Al2O3(CI) and PtSn/ Al2O3(SI) catalysts reported previously show similar behavior 37) . On the other hand, a very important effect of the nature of the support has been observed. The selectivity to alcohols shown by carbon-supported PtSn catalysts has not been reported previously. The carbon material can have an effect because of its electronic properties, but can also cause a particular structure to be developed by the active phase after the reduction treatment.
Conclusions
The techniques used to characterize the PtSn/carbon catalysts indicate that: (1) H2PtCl6 is partially reduced after the impregnation and drying steps. Successive impregnation and coimpregnation procedures have different effects on the reduction of Pt species in contact with the carbon surface and in the formation of surface oxygen complexes. Pt species interact more with the oxidized support. (2) After impregnation and drying, Pt and Sn must be in close proximity. (3) After reduction, bimetallic catalysts consist of metallic Pt, a major fraction of tin as Sn(II) and/or Sn(IV) species (about 85%), and also Sn in the zero valent state ( 15%), that is probably present as alloys with zero valent Pt. Sn surface enrichment has been observed. The presence of bimetallic PtSn phases, Pt particles, and Pt _ O _ Sn 2+ species is also suggested by the XAFS results. Catalysts prepared with the oxidized support show a similar structure, regardless of the preparation method, whereas catalysts prepared with the original carbon support develop quite different structures.
The measurements of catalytic activity indicate that: (1) The effect of the surface oxidation on the catalytic activity for cyclohexane dehydrogenation is related to the accessibility of the platinum particles, which are more externally located on the oxidized support. (2) The effect of tin on the selectivity for alcohols is related to blockage of the platinum particles, which reduces the hydrogenation rate of the C=C bond. The carbon material affects the selectivity because of the influence on the structure developed by the active phase and because of the effect on the electronic properties of platinum, weakening the substrate adsorption and, thus, hindering the hydrogenation to saturated products.
